DNA damage in cells is often the result of constant genotoxic insult. Nevertheless, effi cient DNA repair pathways are able to maintain genomic integrity. Over the past decade it has been revealed that it is not only kinase signalling pathways which play a central role in this process, but also the different post-translational modifi cations at lysine residues of histone (chromatin) and non-histone proteins. These lysine modifi cations include acetylation, methylation, ubiquitination and SUMOylation. Genomic instability is often the major cause of different diseases, especially cancer, where lysine modifi cations are altered and thereby have an impact on the various DNA repair mechanisms. This chapter will discuss the recent advances in our understanding of the role of different lysine modifi cations in DNA repair and its physiological consequences.
Introduction
Genetic material in the form of DNA is prone to damage from various kinds of agents which may cause an alteration in the structure of bases or may cause a break in the DNA structure. This may lead to mutations in the coding sequence giving rise to different hereditary syndromes or diseases such as cancer. Another possibility of mutation arises from the fact that DNA polymerases that replicate the DNA may make mistakes during the copying of DNA. However, the simplest organisms, such as prokaryotes, have developed several repair systems for correction of the damaged DNA or incorrectly incorporated nucleotide. The fact that the proteins involved in such repair systems have been conserved throughout evolution, and that mutations in these proteins can cause predisposition towards cancer underscores the importance of these repair machineries. The three kinds of DNA-damage repair systems discussed in this chapter have been explained in Figure 1 . . DNA bases damaged due to deamination, oxidation and alkylation are mainly repaired by BER. The damaged base is recognized and excised from DNA by the DNA glycosylases, thereby generating an abasic site. The AP endonuclease APE1 recognizes the abasic site and hydrolyses the phosphodiester bond 5′ to the abasic site to generate a nick. Polymerase β (Pol β) comes in at the nicked region, removes the abasic site by virtue of its AP lyase activity and incorporates a new nucleotide. The nick is sealed by DNA ligase III, which interacts with Pol β through XRCC1 (X-ray repair cross-complementing group 1) (for an extensive review on BER, see [28] ). This pathway is called the short-patch BER. In cases where, the lesion is refractory to cleavage by Pol β, polymerases δ/ε are recruited with PCNA, FEN1 (flap endonuclease 1) and PARP. The polymerase synthesizes DNA while displacing the damaged strand. FEN1 catalyses the removal The DNA in eukaryotic cells is not directly accessible to the repair machineries since it is folded and compacted severalfold into chromatin, the basic repeating unit being the nucleosome. Each nucleosome consists of two copies of each histone, H2A, H2B, H3 and H4, wrapped around by 1.65 turns of a 147 bp length of DNA. Hence, like any DNA-templated phenomena, such as replication and transcription, repair processes require the opening up and closing of chromatin. PTM (post-translational modifi cation) of histones has been shown to play a role in this process by recruiting various enzymatic machineries and ATP-dependent remodellers which are responsible, either directly or indirectly, for the opening and closing of chromatin. For example, acetylation of histones is correlated with opening up of chromatin, phosphorylation generally acts as a signal for downstream events, and ubiquitination is a modifi cation used to signal turnover of a protein, targeting it for degradation. Furthermore, PTMs of repair-associated proteins have been shown to regulate their activity with functional consequences. In Figure 1 (continued). of the DNA flap, resulting in transfer of the nick, 2-13 nucleotides downstream of the damage site. Ligase I finally seals the nick. (B) NER (nucleotide excision repair). NER is the pathway that removes bulky base adducts from DNA formed due to environmental agents such as UV. It has broad substrate specificity as it recognizes distortion in the DNA double helix which might be caused by any environmental agent. Briefly, XPC-hHR23B recognizes the damaged DNA, binds to it and recruits the TFIIH complex. The helicase subunits of TFIIH, namely, XPB and XPD cause partial unwinding of the DNA around the damage, followed by further unwinding and recruitment of XPA, RPA and XPG, which leads to the complete formation of the bubble. Then the two endonucleases XPG and ERCC1-XPF make dual incisions 3′ and 5′ to the damage, releasing a 24-32 bp oligonucleotide containing the damaged base. The polymerases Polδ and Polε, the sliding clamp PCNA and the pentameric clamp loader RFC come in and synthesize the DNA, copying it from the other strand, and lastly DNA ligase I seals the resulting nick. This pathway of NER is also called GGR (global genome repair), which relates to repair of the bulk of non-transcribed genes. There is an alternative pathway of NER which allows faster repair of transcriptionally active regions. This pathway is triggered by an elongating RNA polymerase II stalled at a site of DNA damage. Two proteins, CSA and CSB, recognize the RNA polymerase and recruit other repair factors such as TFIIH, XPA, RPA and XPG proteins. This pathway is called TCR (transcription-coupled repair). For an extensive review on NER, see [62] . (C) DSB repair. The DNA backbone can also be damaged by oxygen-based free radicals, ionizing radiation or radio mimetic drugs which cause DSBs. DSBs are repaired by two alternative pathways: HR and NHEJ in mammalian cells (for an extensive review on DSB repair, see [63] ). In HR, the DNA ends generated by DSBs are bound by the MRN complex. This complex converts the DNA ends into 3′ single-stranded overhangs. The RPA complex then binds to these singlestranded overhangs and, in concert with Rad52, helps in the loading of Rad51 to form a ssDNARad51 nucleoprotein filament. This nucleoprotein filament then searches for a homologous DNA sequence and, upon a successful search, strand invasion takes place. DNA synthesis is initiated with the homologous undamaged strand as the template strand, leading to the formation of a Holliday junction which is resolved by a resolvase, followed by joining of the ends by a DNA ligase. Since this pathway uses large regions of homology with the sister chromatid or the homologous chromosome as template for repair, it is a relatively error-free method of repair. In the case of NHEJ repair, the DNA ends generated by DSBs are held by the Ku70-Ku80 heterodimer to allow religation of the ends by DNA ligase IV. Alternatively, the MRN complex is recruited by the Ku70-Ku80 heterodimer in order to process the 3′ ends. The single strands anneal at regions of microhomology followed by sealing of the gap by DNA ligase IV, which results in error-prone repair. Reproduced from C.L. Peterson this chapter, we have focused on the role of PTMs of lysine residues, namely acetylation, methylation, ubiquitination and SUMOylation (Figure 2 ) in the DNAdamage repair mechanisms of mammalian systems.
Lysine acetylation and DNA-damage repair
Lysine acetylation is a PTM wherein an acetyl group is added to the ε-amino group of a lysine residue. This reaction is carried out by KATs (lysine acetyltransferases) and acetyl-CoA acts as a donor for the acetyl group. KATs are classifi ed broadly as either nuclear (type A) or cytoplasmic (type B) depending on their cellular localization. Nuclear KATs are classifi ed further into fi ve classes, namely GNAT [GCN5 (general control of amino acid synthesis 5)-related N-acetyltransferase], MYST {MOZ (monocytic leukaemic zinc-fi nger protein), Ybf2/Sas3, Sas2 and TIP60 [Tat (transactivator of transcription)-interactive protein 60 kDa]}, p300 (E1A-associated protein of 300 kDa)/CBP [CREB (cAMP-response-element-binding protein)-binding protein], nuclear-receptorassociated and transcription-factor-related KATs [1] .
Histone acetylation and repair of UV-induced damage
Studies from yeast suggest that the histone-H3-specifi c KAT GCN5 is involved in the NER (nucleotide excision repair) of UV radiation-induced CPDs (cyclobutane pyrimidine dimers) in the transcriptionally active MFA2 (mating factor a) gene [2] . The deletion of GCN5 reduced the effi ciency of CPD repair in the MFA2 gene.
The link between histone acetylation and UV-induced DNA-damage repair has also been shown in mammalian cells. TFTC [TBP (TATA-binding protein)-free TAFII complex] contains GCN5 and SAP130 (Sin3A-associated protein, 130 kDa), which is highly homologous in sequence with the large subunit of UV-DDB (UV-DNA-damaged DNA-binding protein) p127. In vitro studies suggest that TFTC can bind to UV-damaged DNA in both a free and nucleosomal context and can preferentially acetylate nucleosomes assembled on UV-irradiated DNA [3] . Similar observations were found for another TBPfree complex, the STAGA complex which contains GCN5 and associates with UV-DDB p127 and SAP130 [4] . Recently, it was shown that the E2F1 transcription factor accumulates at sites of UV-induced DNA damage and recruits GCN5 by associating with it in response to UV radiation, thus increasing accessibility of the chromatin to repair factors and enhancing NER [5] .
Histone acetylation and DSB (double-strand break) repair
Site-specifi c histone acetylation has also been found to be critical in DSB repair. For example, mutation of all of the four conserved lysine residues Lys 5 , Lys 8 , Lys 12 and Lys 16 , in the N-terminal tail of yeast histone H4 leads to hypersensitivity of the cells to DNA-damaging agents that induce DSBs, but not to agents that cause single-stranded breaks [6] . ESA1, the catalytic subunit of the NuA4 acetyltransferase complex, was found to be essential for DSB repair by both NHEJ (non-homologous end-joining) as well as the HR (homologous recombination) pathway since ESA1 deletion showed essentially a similar phenotype which was observed when the above-mentioned four lysine residues of the H4 N-terminal tail were mutated [6] . Furthermore, random introduction of a single acetylatable residue back into the N-terminal-mutated H4 tail resulted in restoration of the resistance of yeast cells to DSB-inducing agents to wild-type levels [6] . In agreement with the yeast data, it has been observed that, in mammalian cells, introduction of a dominant-negative mutant of TIP60 [Tat (transactivator of transcription)-interactive protein 60 kDa; a human homologue of ESA1], lacking acetyltransferase activity resulted in an inability of cells to effi ciently repair DSBs induced by γ-irradiation [7] . Similarly, the acetyltransferase MOF (male absent on fi rst; also known as MYST1), contributes to ionizing-radiation-induced acetylation of H4K16 (Lys 16 of histone H4) [8] . Knockout of Mof in MEFs (mouse embryonic fi broblasts) led to a global decrease in H4K16 acetylation, chromosomal aberrations and defects in ionizing radiation-induced DNA-damage repair. Specifi cally, knockout of Mof led to impaired recruitment of MDC1 (mediator of DNA-damage checkpoint 1) and downstream signalling repair proteins such as BRCA1 (breast cancer early-onset 1) and 53BP1 (p53-binding protein 1) to the damage foci. Further analysis suggested that loss of H4K16 acetylation or charge neutralization of the H2AX acidic pocket led to an increased H2AX and H4 interaction and thereby reduced recruitment of downstream repair factors [9] . Mechanistic studies suggested that MOF-mediated H4K16 acetylation and an intact acidic pocket on H2AX are essential for the recruitment of MDC1 [9] .
Acetylation of histone H3 has also been found to be important in DSB repair. In yeast cells, deletion of GCN5 was found to be synthetic lethal with a YNG2 deletion (a subunit of the NuA4 complex), and a strain where GCN5 alone was deleted showed similar sensitivities to DNA-damaging agents as the YNG2 deletion. This shows that acetylation of H3 and H4 are both important for DSB repair [10] . Furthermore, mutations in Lys 14 and Lys 23 of histone H3 or deletion of HAT1 (histone acetyltransferase 1) or a combination of both in yeast cells confer sensitivity to damaging agents such as MMS (methyl methanesulfonate) [11] . Detailed analysis showed that such mutants were defective in HR, but not in NHEJ, which indicates that HAT1-mediated acetylation of histone H3 is important for recombinational repair of DNA DSBs [11] . Histone H3K56 (Lys 56 of histone H3) acetylation by the KAT Rtt109 has been shown to play an important role in DNA repair in yeast, although acetylation of this residue is not induced upon DNA damage. It was shown that H3K56 acetylation is important for chromatin reassembly after repair by the histone chaperone Asf1, and the appearance of H3K56 acetylation on the chromatin indicates the end of DNA repair [12] .
The acetylation of H2A by the NuA4 complex seems to be important for the ability of cells to survive after DNA damage [6] . A study in Drosophila reported that the dTIP60 (Drosophila TIP60) complex comprising the KAT dTip60 and the ATPase Domino, binds to and acetylates phosphorylated H2Av and exchanges acetylated and phosphorylated H2Av with unmodifi ed H2Av [13] . In mammalian cells the TIP60 HAT complex interacts with and acetylates phosphorylated H2AX (γH2AX), which is phosphorylated immediately after DNA damage by the PIKK [PI3K (phosphoinositide 3-kinase)-related kinase] family of kinases [14] . Furthermore, it was found that DSBs facilitate the association of TIP60 with the ubiquitin-conjugating enzyme UBC13 and the TIP60-UBC13 complex regulates the ubiquitination of H2AX which is dependent on the acetylation status of H2AX at Lys 5 . Damage-induced acetylation followed by ubiquitination provokes the release of H2AX from the damaged loci and thus helps in the reorganization of chromatin at DSBs [14] . Recently, it was reported that H2AX is constitutively acetylated at Lys 36 by CBP [CREB (cAMP-responseelement-binding protein)-binding protein]/p300 (E1A-associated protein of 300 kDa) and this acetylation is required for cells to survive the exposure to ionizing radiation. However, H2AXK36ac (H2AX acetylated at Lys 36 ) did not get induced upon DNA damage and did not affect H2AX phosphorylation or the formation of DNA-damage foci [15] .
Histone hyperacetylation during DNA-damage repair may serve to neutralize the charge, thereby affecting the DNA-histone interaction and thus helping in the opening up of the chromatin. Secondly, acetylated histones might serve to recruit various chromatin-remodelling factors or repair factors to sites of DNA damage through their recognition domains, specifi cally called bromodomains, that recognize acetylated lysine residues. Chromatin-remodelling factors would further open up the chromatin, allowing access to the repair factors on the damaged DNA. Indeed, it was shown in yeast that mutations in ESA1 not only reduced histone H4 acetylation, but also impaired the recruitment of the Ino80 subunit Rvb1 to DSBs [16] . Recently, p300/CBP was also implicated in NHEJ, where it was shown to be involved in the induction of H3 and H4 acetylation, and recruitment of the Ku70-Ku80 complex and BRM, a catalytic subunit of the SWI/SNF remodelling complex, at the sites of DSBs [17] . In mammalian cells, the TIP60 complex and its cofactor TRRAP (transformation/ transcription-domain-associated protein) are recruited to sites of DSBs, where they induce the acetylation of H4 and the accumulation of repair molecules, including RAD51, thus facilitating HR at the DSB sites [18] . Interestingly, it was shown that knockdown of TRRAP impaired both DNA-damage-induced histone H4 hyperacetylation and accumulation of repair machineries at the DSB site, resulting in defective HR repair, even though a functional ATM (ataxia telangiectasia mutated)-dependent DNA-damage signalling cascade was present [18] .
Several reports have also implicated HDACs (histone deacetylases) in the DDR (DNA-damage response) [19] [20] [21] . However, they seem to function later in the repair process in order to restore chromatin to its original state. For instance, it was shown that the Sin3-Rpd3 HDAC complex associates with CK2 (casein kinase II) which phosphorylates H4S1 (Ser 1 of histone H4) [21] . This phosphorylation at H4S1 inhibits the ability of NuA4 to acetylate the N-terminal tail of H4, preventing further acetylation and opening up of the chromatin [21] .
Non-histone protein acetylation and DNA-damage repair
Upon generation of DSBs, DNA-damage sensing and repair machineries get activated and recruited to the site of damage. The MRN complex consisting of MRE11 (meiotic recombination 11 homologue), RAD50 and NBS1 (Nijmegen breakage syndrome 1) proteins is the fi rst complex to be recruited and binds to broken DNA ends at DSBs. The MRN complex recruits active PIKKs, principally ATM, ATR (ATM and Rad3-related) and/or DNA-PKs (DNAdependent protein kinases) which phosphorylate multiple proteins involved in the DDR, including NBS1, H2AX, p53, CHK (checkpoint kinase) 2 and SMC1 (structural maintenance of chromosomes 1) [22, 23] . These phosphorylated proteins, in turn, regulate the two key responses to DNA damage: the activation of cell-cycle checkpoints and the initiation of DNA repair. Activated ATM kinase phosphorylates the histone H2A variant H2AX which is present in approximately 10% of all nucleosomes in mammalian chromatin. The adaptor protein MDC1 then binds to phosphorylated H2AX (γH2AX) and recruits additional activated ATM to the sites of DSBs, thereby establishing a positivefeedback loop and expanding the γH2AX region surrounding DSBs to up to approximately 2 Mb, which provides docking sites for other DNA-damage and repair proteins, including 53BP1 and BRCA1 (Figure 3 ). Following these events, histone H3 and H4 hyperacetylation occurs, leading to the opening and relaxation of chromatin. Other downstream events include ubiquitination and SUMOylation of γH2AX, H2A and H2B, which might have a role in histone exchange and recruitment of chromatin-remodelling factors during the repair process.
Although ATM kinases bring about the downstream events phosphorylating several proteins, it was unclear how ATM kinase gets activated. ATM kinase exists as inactive dimers; however, upon autophosphorylation at Ser 1981 , they were found to dissociate into active monomers [24] . It was also shown that ATM and TIP60 form a stable complex that is recruited at DSBs, and ATM acetylation by TIP60 was necessary for its kinase activity [25] . However, it is unclear how TIP60 gets activated upon DNA damage. According to recent fi ndings, TIP60 contains a chromodomain that binds to H3K9me3 (trimethylated Lys 9 on histone H3) and this binding stimulates the acetyltransferase activity of TIP60, thus providing the missing link [26] (Figure 3) .
Another important protein that is functionally regulated by acetylation is p53. p53 is a well-known tumour suppressor protein that gets induced upon DNA damage and activates the G 2 /M-phase checkpoint, thereby arresting the cell cycle [27] . Furthermore, p53 is involved in the process of the decision of the cell to undergo apoptosis in cases of irreparable damage. In response to DNA damage, the upstream PIKK family of kinases phosphorylate p53 at Ser 33 and Ser 37 , which results in increased affi nity of p53 for p300 and PCAF (p300/ CBP-associated factor), thereby promoting its acetylation of the C-terminal sites including Lys 373 , Lys 382 (by p300) and Lys 320 (by PCAF). The acetylation at the C-terminus of p53 by p300/CBP directly antagonizes its ubiquitination and turnover by the proteasome, thereby stabilizing the tumour suppressor. p53 acetylation by CBP/p300 is critically important both for the effi cient recruitment of cofactors and for the activation of p53 target genes in vivo. In addition, the KATs TIP60 and MOF that also function as cofactors can be recruited by p53 and are able to acetylate p53 at Lys 120 . The Lys 120 acetylation is essential for p53-mediated activation of the pro-apoptotic target genes PUMA (p53 upregulated modulator of apoptosis) and BAX [27] . Many other repair factors are known to get acetylated with functional consequences. Some of them are mentioned in Table 1 . For an extensive review on PTMs of repair factors involved in base excision repair, please refer to [28] .
Lysine methylation and DNA-damage repair
Lysine methylation is another PTM characterized by mono-, di-or trimethylation of lysine residues at the ε-amino group. The methyl group is donated by SAM (S-adenosylmethionine). All enzymes that catalyse methylation of lysine in histones and non-histone proteins are called KMTs (lysine methyltransferases) and contain a conserved methyltransferase domain termed Set [Su(var)3-9, Enhancer-of-zeste, Trithorax]. The Dot1 methyltransferase is an exception since it possesses a SAM-binding domain, yet lacks a Set domain. The Set family of KMTs is classifi ed into six subfamilies: Set1, Set2, SUV39, EZH, Smyd and PRDM. There are many Set-containing KMTs which do not fall into the above mentioned groups due to the absence of conserved sequences fl anking the Set domain [29] .
Histone methylation and DNA-damage repair
Histone methylation plays a crucial role in transcription, replication, cell differentiation and genome stability. There are fi ve lysine methylation marks that have been reported in histone H3 (Lys 4 , Lys 9 , Lys 27 , Lys 36 and Lys 79 ) and one in histone H4 (Lys 20 ). Histone lysine methylation can be a mark for both transcription activation and repression, depending on the site of methylation. Methylation of H3K4 (Lys 4 on histone H3), H3K36 (Lys 36 on histone H3) and H3K79 (Lys 79 on histone H3) are transcriptional activation marks, whereas H3K9 (Lys 9 on histone H3), H3K27 (Lys 27 on histone H3) and H4K20 (Lys 20 on histone H4) are associated with transcription repression [30] .
Histone H3K36me2 (dimethylation of Lys 36 in histone H3) occurs at the site of DNA DSBs immediately after damage, and the induction correlates with the expression of Metnase and DSB repair. Metnase contains a Set domain and might be responsible for H3K36 dimethylation. H3K36me2 induces recruitment, stabilization and assembly of MRN complex components and Ku proteins at the site of DNA damage and thus promotes DSB repair by NHEJ [31] . and Lys 556 inhibits its interaction with Bax and induces apoptosis.
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Another histone methylation mark associated with DNA-damage repair is histone H3K79 methylation mediated by Dot1L/KMT4. Dot1 can add one, two or three methyl groups to Lys 79 of H3 generating mono-, di-or tri-methyl H3K79 respectively. In human cells, H3K79 methylation does not get induced upon DNA damage. As it is present in the core of H3, Lys 79 is not accessible to other proteins under normal circumstances, but, upon DNA damage, it gets exposed and different repair-related proteins (53BP1) get recruited at DSB sites [32] . Deletion of Dot1 prevents recruitment of 53BP1 and thus results in impaired G 1 /S-phase checkpoint signalling and DSB repair [33] . Dot1 is highly conserved throughout evolution and its deletion drastically reduces survival rates, even in amoebozoan Dictyostelium discoideum, upon DNA damage [34] . 53BP1 binds methylated H3K79me2 and H4K20me2 through the Tudor domain and is essential for localization to DSB sites. The H3K79 methylation by Dot1 mediates DNA repair of DSB via SCR (sister chromatid recombination) which involves the recruitment of Rad9 and regulation of cohesin binding to the damaged foci in Saccharomyces cerevisiae [35] . Presumably, the most abundant lysine methylation is observed at H3K9. One of the enzymes for this site modifi cation is Su(var)3-9 methyltransferase. Drosophila lacking Su(var)3-9 H3K9 methyltransferase show high frequencies of DNA damage in heterochromatin, suggesting a direct role of H3K9 methylation by Su(var)3-9 in DNA-damage repair [36] . Set1p-mediated methylation of H3K4me3 is essential for transcription of active genes. Recently it has been reported that this specifi c modifi cation is also crucial for DSB repair by NHEJ in yeast cells [37] . Set1p gets recruited to the damaged site followed by methylation of H3K4 and, in co-operation with the remodelling complex RSC, activates the DNA repair machinery. Set9/ KMT5-mediated methylation is also essential for DNA-damage repair. Yeast checkpoint protein Crb2 gets targeted to DNA-damaged sites and binds to dimethylated, but not tri-methylated, H4K20 residue through its tandem Tudor domains. Recruitment of Crb2 to DSB sites is a prerequisite for its checkpoint function and cell survival after DNA damage [38] .
Methylation of non-histone proteins and DNA-damage repair
Like acetylation, methylation of non-histone proteins, such as the tumour suppressor protein p53, is essential for DNA-damage repair. p53 gets methylated by Set7/9 at Lys 372 which leads to its nuclear localization and stabilization. Methylated p53 upon DNA damage triggers the expression of its target genes p21, BAX and MDM2 (murine double minute 2) and leads to apoptosis or cell-cycle arrest [39] . p53 also gets methylated at Lys 370 by Smyd2 (Set/MYND domain-2). Methylation of this residue has antagonistic effects and blocks p53 DNA-binding ability. Interestingly, upon DNA damage, Set7/9-mediated methylation at Lys 372 inhibits Lys 370 methylation [40] . Thus methylation of Lys 372 of p53 activates its tumour suppressor activity.
Lysine ubiquitination and DNA-damage repair
Acetylation and methylation of lysine residues are small molecular modifi cations, but ubiquitination is a process of covalent conjugation of a conserved 76-residue polypeptide, Ub (ubiquitin), on to lysine residues of proteins. Ubiquitination is characterized by the formation of a bond between Gly 76 of Ub and the ε-amino group of a substrate lysine residue. This process is carried out by three major enzymes, activating enzymes (E1), conjugating enzymes (E2) and ligases (E3) which conjugate either one (monoubiquitination) or multiple (polyubiquitination) Ub moieties on target polypeptides. E3 provides the substrate specifi city and has substrate-binding sites. Monoubiquitination functions as a signal for protein-protein interactions, whereas polyubiquitination directs the protein to proteasomal degradation pathways.
Histone ubiquitination and DNA-damage repair
Histone H2A monoubiquitination gets triggered in the vicinity of DNA lesions caused by UV radiation. The principal enzyme required for the DNA-damageinduced H2A monoubiquitination is the ubiquitin ligase RING (really interesting new gene) 2. Histone H2A monoubiquitination is essential for functional NER and is dependent on DNA-damage signalling kinases [41] . DNA-damageinduced phosphorylation of histone H2AX and ubiquitination of H2A share a few similarities and almost coincide in response to UV damage, but H2AX phosphorylation is not a prerequisite for H2A ubiquitination [41] . Reports have suggested that RNF2-BMI1-complex-mediated monoubiquitination of H2AX is essential for γH2AX formation and functions as a proximal regulator in the DDR. Upon DNA damage, RNF2-BMI1 monoubiquitinates H2AX at Lys 119 / Lys 120 . Monoubiquitinated H2AX recruits to DSBs and induces the formation of γH2AX and the recruitment of MDC1 to DNA damage foci to activate the DDR [42] . DDB1-CUL4A DDB2 , an E3 ligase, monoubiquitinates histone H2A upon UV damage and facilitates the initiation of NER [43] . DNA damage also induces Ubc13 (ubiquitin-conjugating enzyme 13)-mediated ubiquitination of H2AX. Ubiquitinated H2AX results in its release from the chromatin and proteasomal degradation [14] . UV-induced DNA damage facilitates ubiquitination of H2A mediated by Ubc13 and RNF8. Ubiquitinated H2A and H2AX change the conformation of chromatin which might expose the methylated histones and thereby recruit 53BP1 and BRCA1 at both DSBs and UV lesions [44] (Figure 3) .
Histone H4 is also a target for monoubiquitination by BBAP (B-lymphoma and BAL-associated protein), an E3 ligase. It was shown that monoubiquitination of histone H4 at Lys 91 protects cells from exposure to DNA-damaging agents. Upon DNA damage, H4K91 (Lys 91 on histone H4) monoubiquitination mediated by BBAP induces binding of 53BP1 to methylated H4K20 (Lys 20 on histone H4) nucleosomes in the damaged foci, thereby promoting DNA-damage repair pathways [45] . UV-DDB and CUL4A complexes are required for ubiquitination of H3 and H4 upon UV irradiation. Ubiquitinated H3 and H4 results in a much less stable nucleosome, thus facilitating the recruitment and assembly of the NER complex at damaged sites [46] . In yeast, UV-induced DNA damage results in Rad6/Bre1 E2/E3 complex-mediated ubiquitination of histone H2B at Lys 123 . This particular modifi cation is essential for activation of the CHKs Rad53 and Rad9 [47] .
Non-histone protein ubiquitination and DNA-damage repair
PCNA (proliferating-cell nuclear antigen) is a homotrimeric ring-shaped protein that runs around the DNA like a moving platform for various replicationlinked factors. It also acts as a processivity factor for DNA polymerases. PCNA Lys 164 is a much-conserved residue and can either undergo monoubiquitination or Lys 63 -linked polyubiquitination, where Ub residues are linked to each other through a Lys 63 residue present in Ub. PCNA monoubiquitination is catalysed by Rad6 and Rad18, whereas Ubc13/Mms2 and Rad5 catalyse the extension of the same modifi cation by a Lys 63 -linked polyubiquitin chain. Stalling of replication forks caused by damaged DNA during S-phase leads to recruitment of Rad18 at the damaged site by another heterotrimeric protein RPA (replication protein A). Rad18 and Rad6 monoubiquitinates PCNA on Lys 164 and mediates TLS (translesion synthesis). Ubiquitination of other non-histone proteins also play important roles in DNA-damage repair, which is extensively reviewed in [48] .
Lysine SUMOylation and DNA-damage repair
SUMO is a small ubiquitin-like modifi er not directly involved in protein degradation. Four isoforms of SUMO (SUMO-1 to SUMO-4) have been reported, which get covalently conjugated to the ε-amino group of a lysine residue in the substrate protein. SUMOylation is characterized by a three-step pathway comparable with the ubiquitination pathway starting with: (i) maturation by cleavage of the C-terminus of the precursor SUMO protein by cysteine proteases called isopeptidases, (ii) activation of the mature SUMO protein by SUMO E1 enzyme (heterodimer of the AOS1 and UBA2 proteins) and (iii) conjugation to the target protein by the SUMO E2 enzyme, termed Ubc9.
SUMOylation of various proteins are also linked to the DDR and repair (for a detailed review see [48, 49] . The human TDG (thymine-DNA glycosylase) is a component of the BER (base excision repair) machinery which repairs G/U and G/T mispairs by removing thymine or uracil after spontaneous hydrolytic deamination. TDG gets SUMOylated by SUMO-1 at Lys 330 and stimulates its G/T and G/U glycosylase activities. Covalent SUMO-1 conjugation increases TDG turnover number by destabilization of the TDG-DNA complex from the AP site [50] . SUMOylation of TDG may occur after it has performed its glycosylase reaction and it is still bound to the abasic G/_ site. SUMOylation or SUMO-1 interaction might dissociate TDG from the lesion and enable the repair to proceed. The XPC (Xeroderma pigmentosum, complementation group C) protein in the NER pathway (Figure 1 ) is subjected to SUMOylation, preventing it from degradation during UV radiation [51] . SUMOylation of XPC enhances its stability and enables its recycling after rounds of NER [51] . RPA is an important eukaryotic ssDNA (single-stranded DNA)-binding protein complex, comprising of subunits RPA1 (RPA70), RPA2 (RPA32) and RPA3 (RPA14) [49] . RPA functions from replication to DNA damage and stress responses [52] . RPA70 gets SUMOylated in vivo on Lys 449 and Lys 577 by SUMO-2/3 [53] . SUMOylation enhances RPA70 binding with RAD51 acting as a mediator and facilitating recruitment of RAD51 to the DNA-damage foci and initiating HR-mediated DNA repair [49] .
Upon UV damage, TIP60 gets SUMOylated at Lys 430 and Lys 451 by the SUMO-conjugating enzyme Ubc9. SUMOylated TIP60 relocates from nucleoplasm to the PML (promyelocytic leukaemia) body which facilitates the UV-induced DDR via the p53-dependent pathway. SUMOylation-defi cient TIP60 is unable to activate the p53-dependent DDR [54] .
Other PTMs in DNA-damage repair
Apart from these PTMs, lysine residues are also known to be modifi ed by ADP-ribosylation (mono or poly). PARP [poly(ADP-ribose) polymerase] is the enzyme which adds ADP ribose moieties to the target protein. Upon DNA damage, poly(ADP-ribosyl)ation of PARP was found to be induced, this was called automodifi cation. In recent years, all histones, including H1, have been reported to be poly(ADP-ribosyl)ated during DNA damage; however, a preference toward H2B and H3 was observed. Automodifi cation of PARP was shown to help in the opening up of chromatin and reversal of ADP-ribosylation was shown to help in chromatin reassembly. It has been proposed that since PAR [poly(ADP-ribose)] chains are negatively charged and resemble nucleic acids, it might help in removal of histones from the chromatin. Indeed it was shown that PAR chains had a higher affi nity for histones as compared with DNA. Furthermore, when PAR chains are disassembled by a glycosylase, the histones are assembled back into chromatin. PAR chains might actually help in recruitment of various repair factors, since many repair factors are known to interact with PAR chains [55] .
Conclusions
DNA-damage repair mechanisms are essential cellular processes required for proper survival of a cell and PTMs fi ne-tune these processes further. Mutations in various DNA-damage repair factors are known to cause hereditary diseases.
Furthermore, in cancers, various histone modifi cation marks are known to be altered. Functional alterations of various methyltransferases (Dot1, Suv39h1) and acetyltransferases (p300, TIP60) lead to genomic instability and aberrant repair resulting in diseases such as cancer. Thus the study of defects in various PTMs of lysine in different disease contexts can provide us with a possible route for therapeutics. 
Summary
